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insulin sensitivity; lipid metabolism LOW AEROBIC EXERCISE CAPACITY is a predictor of all-cause mortality (37) , a relationship that is particularly strong in individuals with type 2 diabetes (28) . The importance of this association is highlighted by the observation that individuals with type 2 diabetes and their first-degree relatives have lower aerobic exercise capacity than age-and weight-matched controls (38) . Recent evidence suggests that adolescents with type 2 diabetes also exhibit impaired exercise capacity compared with age-matched peers, indicating that this impairment is present early in the onset of the disease (38) . However, the complex interplay between environmental and genetic factors that contribute to both a reduced exercise capacity (5, 6) and an increased risk for developing type 2 diabetes (36) make it difficult to demonstrate a cause and effect relationship.
To study the contribution of aerobic exercise capacity to the etiology of complex disease states such as type 2 diabetes, we have developed unique animal models generated by artificial selection for low and high aerobic exercise capacity (26) . In these models, 11 generations of selection resulted in a 347% difference in running capacity between low (LCR)-and high (HCR)-capacity runners (50) . Importantly, selection for low aerobic capacity simultaneously resulted in metabolic dysfunction, including impaired cardiovascular function, increased adiposity, dyslipidemia, and whole body insulin resistance (50) .
The molecular defect(s) that result in aberrant fuel metabolism in LCR are unclear. However, we have recently reported that LCR have impaired skeletal muscle glucose and lipid metabolism (30, 39) . Furthermore, we have also demonstrated that impaired skeletal muscle metabolism is associated with reduced ␤ 2 -adrenergic receptor (␤ 2 -AR) content, impaired adrenergic signal transduction, and reduced expression Nur77 in the skeletal muscle of LCR (30) . Nur77 is a nuclear receptor that is downregulated in several models of insulin resistance and type 2 diabetes (12) and induces the transcription of important metabolic genes [i.e., glucose transporter-4 (GLUT4), CD36, uncoupling protein-3 (UCP3)] in response to ␤-adrenergic stimulation (10, 33) . Indeed, altered ␤-adrenergic signal transduction has been proposed to contribute to metabolic disease (4) , and variant alleles of the ␤ 2 -AR have been identified as risk factors for obesity, dyslipidemia, and type 2 diabetes in humans (21, 34, 43, 51) . Therefore, defects to whole body and skeletal muscle metabolism that occur following artificial selection for low aerobic capacity are similar to the impairments observed in individuals at risk for developing type 2 diabetes (36, 42) . Accordingly, our model of divergent aerobic capacity offers a unique opportunity to investigate some of the intrinsic metabolic traits that link reduced exercise capacity to increased risk for the development of type 2 diabetes.
Although a genetic predisposition to the onset of obesity and type 2 diabetes is evident, lifestyle interventions, such as exercise training, may be used to overcome the increased risk for metabolic disease imparted via inheritance (14, 19) . For example, the risk of diabetes in offspring of patients with type 2 diabetes is greatly reduced in physically fit individuals compared with their sedentary counterparts (1) . Accordingly, the aim of the present investigation was to determine the genetic (inherent exercise capacity) and environmental (exercise training) contributions to skeletal muscle metabolism in animal models of low and high intrinsic aerobic capacity. We hypothesized that impaired skeletal muscle carbohydrate and lipid metabolism observed after artificial selection for low aerobic capacity would be reversed by exercise training.
METHODS

Experimental Animals
Rat models for HCR and LCR were derived from genetically heterogeneous N:NIH stock rats by artificial selection for low and high treadmill running capacity as described previously (25) . Following 22 generations of artificial selection, animals were phenotyped for intrinsic running capacity at 11 wk of age using an incremental treadmill running test, and their average running capacity (in meters) was recorded (25) . Rats were housed two per cage in a temperaturecontrolled animal room (21°C) maintained on a 12:12-h reverse light-dark cycle. Animals were provided with standard chow diets and water ad libitum. All animal experimentation procedures were carried out with the approval of animal ethics committees from California State University, Northridge, CA and the University of Michigan, Ann Arbor, MI.
Experimental Design
Following a 1-wk acclimatization period to laboratory conditions, age-matched pairs (ϳ20 wk) of LCR/HCR rats were randomly assigned to one of four groups (n ϭ 10/group): LCR sedentary (LCR SED), LCR exercise-trained (LCR EXT), HCR sedentary (HCR SED), and HCR exercise-trained (HCR EXT). All EXT animals followed a 6-wk treadmill training protocol described previously (27) . Briefly, exercise training consisted of an incremental protocol (4 days/wk) with the same absolute cumulative training distance (ϳ10 km) for all animals. Exercise-trained animals undertook their last training bout 48 h before all experimental procedures.
Blood Measures and Tissue Collection
Following the 6-wk intervention, the animals underwent a 5-h fast after which blood samples were taken for the determination of blood glucose concentration (Accu-Chek Go blood glucose meter; Roche Diagnostics, Sydney, Australia). Fasting serum nonesterified fatty acid measures were measured by using an enzymatic colorimetric method (NEFA C; Wako Pure Chemicals, Osaka, Japan). Animals were anesthetized (1 ml/kg Nembutal; Ovation Pharmaceutical, NJ), and muscle was then dissected and used in either the in vitro incubations experiments (soleus) or quickly frozen in liquid N 2 [red gastrocnemius (RG)] with precooled clamps and stored at Ϫ80°C for later analysis.
In vitro muscle incubations. The soleus muscle was excised, and under magnification was carefully dissected into longitudinal strips from tendon to tendon. Three to four strips were made from each muscle (15-20 mg/strip), with the soleus muscle of one leg used for the measure of basal and insulin-stimulated glucose transport and the contralateral muscle used for the measure of lipid oxidation. Muscle strips were allowed to recover at 30°C for 30 min in continuously gassed (95% O 2-5% CO2) Krebs-Henseleit (KHB) solution containing either 0.1% fatty acid free BSA (Equitech-Bio), 8 mM glucose, and 32 mM mannitol (glucose transport experiments), or 4% fatty acid free BSA, 0.5 mM palmitate, and 5 mM glucose (lipid oxidation experiments). Throughout the experiments, vials were gently shaken in a water bath at 30°C.
Glucose transport. Glucose transport was assessed using modified methods for determining 3-O-methylglucose transport in isolated rat soleus muscle (47) . Following the 30-min preincubation period, the muscle was incubated with (insulin stimulated) or without (basal) 60 nM of insulin (Humulin, Eli Lilly, Indianapolis, IN) at 30°C for 30 min in continuously gassed KHB containing 0.1% BSA, 8 mM glucose, and 32 mM mannitol. Following incubation, the muscle was washed for 10 min in KHB with 2 mM pyruvate and 38 mM mannitol. The muscle strips were then transferred to vials containing oxygenated KHB with 8 mM 3-MG, 32 mM mannitol, 0.1% fatty acid free BSA, 1.0 Ci/ml 3-methyl-D- [1- 3 H] glucose (Perkin Elmer), and 0.1 Ci/ml D- [1- 14 C] mannitol (Perkin Elmer) as a extracellular space marker with or without 60 nM insulin for measure of glucose transport over 15 min. The reaction was stopped by rapidly washing three times in oxygenated KHB, blotting the muscle on filter paper, and freeze clamping with tongs precooled in liquid N 2. Under these experimental conditions rates of 3-O-methylglucose transport remained linear for 15 min. The muscle strips were then weighed, digested in 10% TCA, transferred to glass vials containing 5 ml of scintillation fluid (Optifluor, Perkin Elmer, Waltham, MA), and counted in a scintillation counter (Beckman Instruments, Fullerton, CA) set for simultaneous 3 H and 14 C counting. Rates of basal and insulin-stimulated skeletal muscle 3-O-methylglucose transport were calculated as previously described for paired muscle strips (29) .
Lipid oxidation. Lipid oxidation was measured as previously described (9), with minor modifications. Following a 30-min preincubation, the muscle was transferred into vials containing pregassed KHB with 4% fatty acid free BSA, 0.5 mM palmitate, 5 mM glucose, and 0.2 Ci/ml [1-
14 C]-palmitate. The incubation medium was covered with a layer of mineral oil to trap 14 CO2 released during incubation, capped, and incubated at 30°C for 30 min. The production of 14 CO2 from the exogenous oxidation of [1-14 C]-palmitate was measured by injecting duplicate 1.0 ml aliquots of anaerobically collected incubation medium into a sealed flask containing an equal volume of 1 M acetic acid. The released 14 CO2 was trapped by a plastic insert containing filter paper saturated with 500 l of benzothonium hydroxide and quantified using liquid scintillation counting. In addition to complete oxidative products ( 14 CO2), incomplete oxidative products [acid-soluble metabolites ( 14 C-ASM)] were also measured as previously described (46) . Briefly, muscles were placed in borosilicate glass tubes containing 2.0 ml of ice-cold 2:1 chloroformmethanol (vol/vol), and were homogenized using a polytron (Kinematica, Lucerne, Switzerland). After homogenization, samples were centrifuged at 2,000 g (4°C) for 10 min. The supernatant was removed and transferred to a clean centrifuge tube. Distilled water (2.0 ml) was added; samples were shaken for 10 min and centrifuged to separate the aqueous and lipophilic phases. Then 200 l of the aqueous phase was quantified by liquid scintillation counting to determine the amount of 14 C-labeled oxidative intermediates resulting from isotopic fixation. The ratio of incomplete (ASM) to complete ( 14 CO2) radiolabeled products was determined to provide an index of incomplete to complete fatty acid oxidation.
Analysis of intramuscular substrate storage. Portions of RG were freeze dried, powdered and analyzed for the content of glycogen and intramuscular triacylglycerol as previously described (29) . Briefly, freeze-dried muscle was powdered and cleaned of all visible connective tissue and blood under magnification. Portions (4 -5 mg) of freeze-dried, powdered RG (9 -10/group) were used to fluorometrically determine skeletal muscle triacylglycerol (total glycerol) content, following Folch lipid extraction and saponification. Portions (3-4 mg) of freeze-dried, powdered RG (8 -10/group) were used to enzymatically analyze glycogen content by fluorometric detection after extraction with 2 M HCl and neutralization with 0.67 M NaOH.
Western blot analysis. Portions of muscle cut from the RG were weighed, frozen, and homogenized in an ice-cold homogenization buffer (1:8 wt/vol) containing 50 mM Tris · HCl (pH 7.5), 5 mM Na-pyrophosphate, 50 mM NaF, 1 mM EDTA, 1 mM EGTA, 10% glycerol (vol/vol), 1% Triton-X, 1 mM DTT, 1 mM benzamidine, 1 mM PMSF, 10 g/ml trypsin inhibitor, and 2 g/ml aprotinin. Following centrifugation (21,000 g, 4°C) for 15 min, the supernatant was collected and assayed for protein content. RG (60 g) was solubilized in Laemmli buffer, separated by SDS-PAGE, and transferred to polyvinylidene difluoride membranes. The membranes were then blocked (5% nonfat dry milk), and incubated overnight at 4°C Muscle enzyme activity. ␤-Hydroxyacyl-CoA dehydrogenase activity was measured according to the method of Bergmeyer (3) with minor modifications. Briefly, muscle homogenates were prepared in buffer containing 175 mM KCl and 2 mM EDTA, pH 7.4. Homogenates were added in duplicate to the appropriate wells of a 96-well microplate, along with a working solution containing 50 mM Tris · HCl, 2 mM EDTA, and 250 M NADH. After reading the blank reaction to ensure no background activity, 100 M acetoacetyl-CoA was added to each well, and the rate of disappearance of NADH was determined by monitoring its change in absorbance at 355 nm at 30°C over 3 min. Separate aliquots of muscle were homogenized in 100 mM potassium phosphate buffer (pH 7.3, 1:400 dilution), and citrate synthase activity was determined spectrophotometrically at 25°C by the reduction of DTNB as previously described (52) .
Insulin Signaling
After the 30-min incubation, with (60 nM) or without insulin, portions of the soleus muscle strips were rapidly frozen by freeze clamping with tongs precooled in liquid N 2 and stored at Ϫ80°C until later analyses. The determination of phospho-Akt Ser473 and phospho-Akt substrate (1:1,000; Cell Signaling) was determined by Western blot analysis as described above.
Statistical Analyses
Differences between treatment groups were determined using a one-way ANOVA with a Student-Newman-Keuls post hoc test using GraphPad Prism version 4.04 for Windows (GraphPad Software, La Jolla, CA). Results are expressed as means Ϯ SE and statistical significance was accepted at P Ͻ 0.05.
RESULTS
Exercise Training Improves Whole Body Metabolic Measures in LCR
Intrinsic treadmill running capacity was 535% higher in HCR compared with LCR (P Ͻ 0.05; Table 1 ). HCR SED had lower body and epididymal fat pad weights and fasting serum glucose and NEFA levels than LCR SED (P Ͻ 0.05; Table 1 ). Exercise training lowered the body and epididymal fat pad weights and fasting serum NEFA levels in LCR (P Ͻ 0.05, LCR SED vs. LCR EXT; Table 1 ). There were no changes in whole body metabolic measures with exercise training in HCR (HCR SED vs. HCR EXT; Table 1 ).
Exercise Training Enhances Glucose Metabolism in LCR but not HCR
To determine the effects of exercise training on skeletal muscle glucose metabolism, glycogen content and both basaland insulin-stimulated glucose transport and insulin signaling were assessed in soleus muscle. ; and HCR EXT, 2.99 Ϯ 0.21 mol· Ϫ1 ·h Ϫ1 (P Ͼ 0.05). However, HCR SED had threefold higher rates of insulin-stimulated glucose transport than LCR SED (P Ͻ 0.001; Fig. 1A ). Exercise training increased the rates of insulin-stimulated glucose transport in LCR by 2.3-fold (P ϭ 0.001; LCR SED vs. LCR EXT; Fig. 1A ). In contrast, exercise training did not alter insulin-stimulated glucose transport in HCR (Fig. 1A) . Basal muscle glycogen content was higher in HCR SED than LCR SED (P ϭ 0.02; Fig. 1B ). Exercise training increased the muscle glycogen content in LCR (P ϭ 0.04; LCR SED vs. LCR EXT; Fig. 1B) , and there was a tendency for increased glycogen storage in HCR EXT (P ϭ 0.06 vs. HCR SED; Fig. 1B) . The phosphorylation of Akt on its Ser473 site mirrored the results of the insulin-stimulated glucose transport measures. HCR SED had a ϳ60% increase in Ser473 Akt phosophorylation compared with LCR SED (P Ͻ 0.01; Fig. 1C ). Insulin-stimulated Akt Ser273 phosphorylation was increased by ϳ45% in LCR (P Ͻ 0.01, LCR SED vs. LCR EXT; Fig. 1C ) but was unaltered by training in HCR (Fig. 1C) . AS160 phosphorylation was similar in all groups (Fig. 1D) .
Exercise Training Improves Lipid Metabolism in LCR but not HCR
Complete (
14 CO 2 ) and partial ( 14 C-ASM) lipid oxidation were measured to determine the effect on exercise training in both phenotypes. HCR SED had significantly higher rates of complete and partial palmitate oxidation in soleus muscle compared with LCR SED (P ϭ 0.001 and P Ͻ 0.05, respectively; Fig. 2, A and B) . Exercise training increased the rates of complete palmitate oxidation by 40% in LCR (P ϭ 0.02, LCR SED vs. LCR EXT; Fig. 2, A and B) . There were no changes in the rates of postexercise training lipid oxidation in HCR (HCR SED vs. HCR EXT; Fig. 2, A and B) . Intramuscular triacylglycerol content was unchanged in all groups (Fig. 2C) . 
Exercise Training Increased the Expression of Components of the ␤-Adrenergic Pathway in LCR
HCR SED had a ϳ45% higher expression of the ␤ 2 -AR (P Ͻ 0.01 vs. LCR SED; Fig. 3A ) and a ϳ90% higher expression of the transcription factor Nur77 (P Ͻ 0.05 vs. LCR SED; Fig. 3B ). Exercise training increased the expression of ␤ 2 -AR by 26% (P Ͻ 0.05, LCR SED vs. LCR EXT; Fig. 3A ) and Nur77 by 85% (P Ͻ 0.01, LCR SED vs. LCR EXT; Fig.  3B ) in LCR to levels similar to HCR (LCR EXT vs. HCR SED; P Ͼ 0.05). Exercise training had no effect in the expression of ␤ 2 -AR and Nur77 in HCR (HCR SED vs. HCR EXT, P Ͼ 0.05; Fig. 3 A and B) .
Exercise Training Enhanced the Expression of Nur77 Target Proteins in LCR
The nuclear orphan receptor Nur77 is a transcriptional regulator of target genes such as GLUT4, UCP3, and FAT/CD36. Muscle GLUT4 content was similar between HCR SED and LCR SED (Fig. 4A) and was increased by exercise training in LCR (LCR SED vs. LCR EXT, P Ͻ 0.01). UCP3 content was 70% higher (P Ͻ 0.01 vs. LCR SED; Fig. 4B ) and FAT/CD36 content was 52% higher (P Ͻ 0.05 vs. LCR SED; Fig. 4C ) in HCR SED. Exercise training increased the expression of Glut4 by ϳ50% (P Ͻ 0.01, LCR SED vs. LCR EXT; Fig. 4A ), UCP3 by ϳ45% (P Ͻ 0.01, LCR SED vs. LCR EXT; Fig. 4B ), and FAT/CD36 by ϳ65% (P Ͻ 0.05, LCR SED vs. LCR EXT; Fig.  4C ) in LCR. There were no changes in the expression of GLUT4, UCP3, or FAT/CD36 in response to exercise training in HCR (Fig. 4, A, B, and C, respectively) .
DISCUSSION
Exercise training is a potent environmental stimulus for the improvement of insulin sensitivity in both humans (8, 24) and animals (29, 44) with insulin resistance and/or type 2 diabetes. However, there is also a strong genetic contribution to the onset of these disease states (5) . Divergent selection for LCR and HCR has generated a powerful model system for dissection of aerobic endurance capacity and its contribution to metabolic disease. Importantly, simultaneous breeding of the LCR and HCR at each generation also allows for each line to serve as a control for unknown environmental changes. Hence, the results from the present investigation provide novel insight into the intrinsic and environmental contributors underlying increased risk for metabolic disease.
In the present investigation, we hypothesized that exercise training would overcome the genetic predisposition to impaired metabolic function imparted by artificial selection for low aerobic capacity. We present novel data demonstrating that exercise training improved both carbohydrate (Fig. 1 ) and lipid metabolism (Fig. 3) in the skeletal muscle of LCR, but not HCR. These changes were reflected by increases in the insulinstimulated phosphorylation of Akt on Ser 473 (Fig. 1C) and improvements in whole body measures, such as circulating fatty acid levels and adiposity (Table 1) . Exercise-induced improvements in skeletal muscle substrate metabolism coincided with enhancement to components of the ␤-adrenergic pathway (Fig. 3) , and known target proteins (Fig. 4) . Our results provide strong evidence to demonstrate that genetically induced impairments to muscle glucose and lipid metabolism can be ameliorated by exercise training.
Exercise training is a highly effective treatment for the reversal of skeletal muscle insulin resistance (15, 16) . This occurs, in part, through an increase in oxidative enzymes that facilitate the turnover and oxidation of fatty acid both at rest and during exercise (13) . Several independent research groups have reported that low-intensity exercise increases fat oxidation, decreases circulating lipids, and enhances insulin sensitivity in previously untrained, obese, and insulin-resistant individuals (14, 45, 48) . Recently, Venables and Jeukendrup (48) reported that a 6-wk low-intensity exercise training regimen enhanced whole body fat oxidation and insulin sensitivity in , n ϭ 8 -10) . B: muscle glycogen content was determined in aliquots of freeze-dried/powdered red gastrocnemius muscle and expressed per gram dry weight (dw; mean Ϯ SE, n ϭ 9 -10). BAS and INS Akt phosphorylation at Ser473 (C) and AS160 phosphorylation as detected by the phospho-Akt substrate (PAS) antibody (D) were determined by Western blot analysis using ␣-tubulin as a loading control (mean Ϯ SE, n ϭ 8 -10). Significant differences between groups (P Ͻ 0.05; mean Ϯ SE, n ϭ 8 -10) are shown.
obese individuals (48) . In addition, it has been shown that low-to-moderate intensity exercise is as effective as moderateto-high intensity exercise at improving whole body metabolic risk factors (i.e., HbA 1c , body mass index, LDL) (14) . The exercise training regimen employed in the present investigation was a low-intensity protocol designed for maximal compliance and was based upon physical activity guidelines in the clinical literature for the general population (i.e., three to five 30-min exercise sessions/wk). In agreement with the results of previous investigations (13, 42, 45) , we demonstrate that 6 wk of endurance exercise training reversed impaired skeletal muscle lipid oxidation in LCR (Fig. 2A) .
Exercise-induced enhancements to lipid oxidation in LCR were associated with increased insulin-stimulated glucose uptake and Akt Ser473 phosphorylation in skeletal muscle. Yet, despite increased lipid oxidation ( Fig. 2A) and improved insulin sensitivity (Fig. 1A) in the skeletal muscle of LCR EXT, there was no change in intramuscular triglyceride content compared with LCR SED (Fig. 2C) . This observation is in agreement with Perdomo et al. (41) who observed enhanced insulin sensitivity in skeletal muscle cells with increased lipid oxidation despite increased intramyocellular lipid accumulation in culture (41) . Enhanced lipid oxidation and insulin sensitivity following exercise training in LCR occurred in the absence of any increase in the maximal activity of the mitochondrial markers citrate synthase and ␤-HAD (Table 1) . This suggests that under the conditions of the present investigation the observed changes in substrate handling occurred independently of any perturbations in mitochondrial biogenesis. However, exercise-training was associated with increases in the protein content of several important regulators of carbohydrate and lipid metabolism (GLUT4, CD36, Nur77, UCP3). The ability of low-intensity exercise to increase muscle GLUT4 expression in the absence of concomitant increases in the activity of mitochondrial enzymes (i.e., mitochondrial biogenesis) has been previously reported (17) .
In the present investigation, both LCR and HCR underwent the same absolute exercise training protocol (i.e., the same frequency, intensity, and volume). However, exercise traininginduced metabolic improvements were only observed in animals with intrinsic impairments to skeletal muscle glucose and Fig. 3 . Total protein content of ␤-adrenergic pathway components in the skeletal muscle of LCR SED, LCR EXT, HCR SED, and HCR EXT. Relative protein levels of ␤-adrenergic receptor (␤-AR) (A) and the nuclear orphan receptor Nur77 (B) were quantified using Western blot analysis and densitometry in red gastrocnemius muscle using ␣-tubulin that was run as a loading control. Significant differences between groups (P Ͻ 0.05; n ϭ 8 -10/group) are shown. ; mean Ϯ SE, n ϭ 8 -10). B: partial oxidation in soleus muscle as determined by the amount of label in the acid-soluble metabolite (ASM) phase of the muscle and expressed as rates of mol · g Ϫ1 · h Ϫ1 (mean Ϯ SE, n ϭ 8 -10). C: intramuscular triacylglycerol content was determined in red gastrocnemius on aliquots of freeze-dried/ powdered muscle and expressed per gram of dry weight (mean Ϯ SE, n ϭ 9 -10). Significant differences between groups (P Ͻ 0.05; mean Ϯ SE, n ϭ 8 -10) are shown.
lipid metabolism (i.e., LCR; Figs. 1 and 2) . While it is possible that a higher absolute (i.e., similar relative) training stimulus may have induced metabolic changes in HCR, our results are consistent with those of Barwell et al. (2) who observed exercise training-induced improvements in the insulin sensitivity index in daughters of patients with type 2 diabetes but not in women with no family history of diabetes (2) . Participants in that study (2) were matched for aerobic capacity (V O 2max ) and adiposity and undertook exercise sessions at the same relative intensity (65-80% maximum heart rate). Taken collectively, the results from the present investigation along with those of Barwell et al. (2) raise the intriguing possibility that individuals with a genetic predisposition to metabolic abnormalities may have enhanced responsiveness to the metabolic improvements induced by exercise training (2) .
In the absence of exercise training, artificial selection for low intrinsic running capacity results in impaired skeletal muscle glucose and lipid metabolism (Figs. 1 and 2 ). However, it is unclear what specific molecular defect(s) are responsible for both reduced running capacity and impaired metabolism in LCR. A recent study by Novak et al. (40) demonstrated that daily cage activity is higher in HCR than LCR. This raises the possibility that metabolic impairments in LCR may, in part, result from lower habitual physical activity. However, it seems unlikely that a relatively small difference (ϳ18%) in daily cage activity (40) between LCR and HCR could result in such large (700%; Table 1) differences in intrinsic exercise capacity via a training effect. Furthermore, when cage activity of LCR/HCR was normalized by reducing cage size (40) , expression of the important metabolic regulator PEPCK-C still remained lower in the skeletal muscle of LCR, compared with HCR. These results (40) suggest that intrinsic metabolic differences exist in the skeletal muscle of LCR/HCR that are independent of differences in daily cage activity.
We have previously conducted a comprehensive investigation of factors that may contribute to both exercise capacity and skeletal muscle insulin sensitivity in LCR/HCR and observed no differences in AMPK activation, or lipid (ceramide and diacylglycerol) storage in the muscle of these animals (30) . We did, however, observe a reduction in ␤ 2 -AR content and a concomitant impairment in ␤-adrenergic signal transduction and lipolysis in the skeletal muscle of LCR (30) . Given that ␤-adrenergic pathways are critical for the regulation of glucose and lipid metabolism in skeletal muscle and other tissues (32, 49) , it follows that reduced activation of these pathways could contribute to metabolic disease. In support of this contention, an impaired response of ␤2-adrenoreceptors has been identified as the source of reduced adrenergic-stimulated lipolysis in obese individuals (4) . Furthermore, variant alleles of the ␤ 2 -AR have been associated with obesity, dyslipidemia, and type 2 diabetes in humans (21, 34, 43, 51) . However, the risk of obesity imparted by ␤ 2 -AR alleles is reversed in physically active individuals (34) . It has also been previously reported that continuous contractile activity of skeletal muscle results in elevated levels of cAMP and ␤ 2 -AR within skeletal muscle, which occurred with a time course that is similar to that of activity-induced changes in mRNA and protein products of genes that encode proteins important for oxidative metabolism (41) . In line with these observations, we now report that lower ␤ 2 -AR content in LCR was normalized to the level of HCR by exercise training (Fig. 3A) .
One mechanism by which improved ␤-adrenergic signal transduction may improve skeletal muscle metabolism is via activation of the nuclear receptor Nur77. Stimulation of the ␤-adrenergic pathway in skeletal muscle stimulates the expression of Nur77 and several of its target genes (i.e., GLUT4, CD36, UCP3) that are critical regulators of glucose and lipid metabolism in muscle (22, 30, 33) . Skeletal muscle Nur77 expression is downregulated in several animal models of obesity and type 2 diabetes (i.e., ob/ob, db/db, ZDF) (12) and is increased in response to insulin-sensitizing treatments (i.e., thiazolidinediones) (12) or a single exercise bout (23, 31) , indicating a possible role in the regulation of insulin sensitivity. Recent evidence suggests that Nur77 is also downregulated in response to high-fat diet-induced obesity (22) and that genetic deletion of Nur77 results in insulin resistance and altered systemic glucose metabolism in mice (10) . We have previously proposed that reduced mRNA and protein expression of Nur77 and its target genes in the skeletal muscle of LCR provides a potential mechanism for impaired metabolism in this model (30) . We now provide novel evidence to show that reduced Nur77, CD36, and UCP3 expression in LCR are normalized by exercise training and coincide with improved skeletal muscle insulin sensitivity and palmitate oxidation in this model. GLUT4 protein content was not different between LCR SED and HCR SED, but did increase following exercise training in LCR (Fig. 4) . GLUT4 expression is known to be regulated by transcription factors other than Nur77 in skeletal muscle (19) , which readily explains the disassociation between Nur77 and GLUT4 expression in untrained animals. Exerciseinduced expression of Nur77 and its target genes (GLUT4, FAT/CD36, and UCP3; Fig. 4 ) provide a potential mechanism for improved skeletal muscle insulin sensitivity in LCR. In support of this contention, muscle-specific overexpression of FAT/CD36, UCP3, or GLUT4 improves insulin sensitivity in transgenic mice (7, 11, 18) . Furthermore, independent investigations have observed an increase in the expression of FAT/ CD36, UCP3, and GLUT4 following exercise training (20, 29, 35) . Thus, when taken collectively, the results of the present and previous investigations identify Nur77-mediated transcription as a potential mechanism for the improvement of glucose and lipid metabolism in skeletal muscle following exercise training.
Perspectives and Significance
We have used a novel animal model of genetically imparted endurance exercise capacity and metabolic health to study selected genetic and environmental factors that contribute to skeletal muscle glucose and lipid metabolism. Our results demonstrate that rats bred for low intrinsic aerobic capacity display skeletal muscle insulin resistance and reduced lipid oxidation. Although the primary metabolic defect(s) resulting in impaired metabolism in LCR are unknown, ␤ 2 -AR and Nur77 both play critical roles in the regulation of muscle glucose and lipid metabolism and were downregulated in LCR. Six weeks of low-intensity endurance training reversed impairments to glucose and lipid metabolism in the skeletal muscle of LCR and resulted in increased expression of ␤ 2 -AR, Nur77, GLUT4, UCP3, and FAT/CD36. Our investigation demonstrates that metabolic impairments resulting from genetic factors (low intrinsic aerobic capacity) may be overcome by environmental factors (exercise training). We identify Nur77 as a potential mechanism for improved skeletal muscle metabolism in response to exercise training.
